Aquifer Denitrification: Correlation of 15N Isotopic Enrichment and First-Order rate Constants. by Klapperich, Ryan
University of North Dakota
UND Scholarly Commons
Undergraduate Theses and Senior Projects Theses, Dissertations, and Senior Projects
2004
Aquifer Denitrification: Correlation of 15N
Isotopic Enrichment and First-Order rate
Constants.
Ryan Klapperich
Follow this and additional works at: https://commons.und.edu/senior-projects
This Thesis is brought to you for free and open access by the Theses, Dissertations, and Senior Projects at UND Scholarly Commons. It has been
accepted for inclusion in Undergraduate Theses and Senior Projects by an authorized administrator of UND Scholarly Commons. For more
information, please contact zeineb.yousif@library.und.edu.
Recommended Citation
Klapperich, Ryan, "Aquifer Denitrification: Correlation of 15N Isotopic Enrichment and First-Order rate Constants." (2004).





















AQUIFER DENITRIFICATION: CORRELATION OF 15N I SOTOPIC 
ENRICHMENT AND FIRST-ORDER RATE CONSTANTS 
By 
Ryan Klappe r ich 
Submitted to the 
University o f North Dakota 
Honors Program Committee 
In Par tial Fulfillment of the Requirements 
For Graduat i on 
With Senior Departmental Honors 





















TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ........................................................................................................ .. ... ..... iii 
ABSTRACT ·························· ·········· ······················ ······································································ ·· ······· ······· V 
INTRODUCTION .......................................... ....... ................................................................................... 1 
TECHNICAL BACKGROUND ............................................................................................. ............... 3 
Den i t r i fication ...................................................... 3 
Isotopic Enrichment .......................................... 4 
Reaction Rates ......................................................... 6 
PREVIOUS WORK ON DENITRI FICATION ........................................................................ 8 
ANALYTICAL METHODS ...... ......................................................................................................... 15 
DISCUSSION ....................................................................................................................................... 2 3 
En r i chment vs . First-Order K ............... 23 
Enr i chmen t vs . Zero - Orde r K ........ .. ........ 25 
The Lar i more Site ................................................ 27 
Data f rom t he Literature ........................... 2 8 
CONCLUSIONS ........................... ... ...................................................................................................... 2 9 
REFERENCES .................. .......................................................................... ........................................... 3 0 
LIST OF FIGURES 
F i gure 1 . Map of ISM research s ites ................... ................. ... ...... ............... 1 6 
Figure 2 . Table o f tracer t e st data, Luverne Site ..... ............. 1 8 


















Figure 4 . Plot of Luverne zero-order reaction model ............ 20 
Figure 5 . Plot o f Luverne f i rst-order reaction model ......... 21 
Figure 6 . Plot of enrichment vs. first-order reaction rate 
····· ······· ···· ···· ··· ··· ········································· ··· ··················································································· 24 
Fi gure 7. Plot of enrichment vs . first-order reaction rate 
of experiments with better first -order linear 






















This thesis would not have been possible or probably 
ever written if it weren ' t for all the people who have 
helped me either with their knowledge or t heir support , and 
sometimes both . 
I would like to thank everyone in the Honors program 
for all their help , in particular Jeanne Ander egg for her 
help and guidance during my time at UNO . She is a gold mine 
of ideas and knowledge a g r eat asset to this University . 
I would like to thank the Faculty and Staff of the 
Geology Department for open ing my eyes to the richness and 
excitement of geology . In p articular , I would like to thank 
Dr. Joseph H. Hartman , whose persistent questioning pushed 
me towards attempting this project and eventually 
presenti ng it before a professional audience . 
I would also like to thank my advisor , Dr . Scott F. 
Korom, who answered a simpl e request for a thesis subject 
from a student he had never met and agreed to all the work 
and responsibility that comes with it . He helped me along 





















I had almost no knowledge of and helping me formulate i deas 
and hypothesis. Furthermore , he submitted h imself to 
readi ng and rereading draf t after draft weeding out typos , 
misspellings , and other inaccuracies. 
Finally, I wou l d like to thank all my fri ends and 
fami ly for all t heir support over the past year and o ne 
half . Your love and f riendship is greatly appreciated and I 























Denitrifi cation i s the process by which potentially 
dangerous nitrate is biogeochemically reduced into harmless 
nitrogen gas . This process is mediated by bacteria in the 
presence of suitable electron donors , such as organic 
carbon , sulfide , and ferrous iron . Due to its pot ential 
utility in the remediation of contaminated environments , 
the process of denitrification has received considerable 
attention . However , a relationship between the rate 
cons t ant o f the reaction a nd isotopic enrichment of 15N, 
which occurs as a direct result of the chemical r eaction , 
h as received little cons i deration. A strong correlation 
between these t wo factors could lead to a technique to 
estimate denitrification rates based on 15N isotopic 
enrichment . 
Mariotti , et a l . (1981, 1982) were amo ng the first 
researchers to investigate this relationship . After 
observing lab experiments , they proposed the hypothesis 
that a negat i ve correlation exists between 15N enrichment 
and reaction rates. That is , higher rates of 
denitrification r e sult in lower (less nega tive ) v a lues of 
isotopic enrichment. This hypothesis was tested herein 
using bromi de tracer tests carried out in seven diffe rent 






















A decent correlation exists; however , the correlation 
is a positi ve one , where the highest denitrification rates 
resu lted i n the highest (most negative ) enrichment values . 
Furthermore , significant variability , particul arly that of 
the Larimore site , rema i ns unexp l ained. Further research , 
including investigation of bacteria types , variations due 




















Nitrate contamination has long been recognized as a 
leading source of pollution in groundwater systems . A 
potential carcinogen , n itrate (N03-) originates from a 
variety of common and necessary human activities , such as 
agricu l ture and sewage treatment (Feast , 1998) . The process 
that removes nitrate contaminat ion from the soil and 
groundwater is a biogeochemical process known as 
denitrification. 
Although denitrification has been observed to occur 
naturally and in the laboratory , few have examined 
natural ly occurring systems without alterations designed to 
enhance the rate of denitrification . The later allows for 
detectlon of denitrification in a shorter , more cost 
effective , time frame but may obscure our understanding of 
the natural process . If a method for detecting 
denitrification can be developed that does not depend on 
amended samples , our unde rs tanding of the process could be 
significantly i ncreased. 
One such method is the correlation of denitrification 
reaction rates with 15N isotopic enrichment . Isotopic 
enrichment is a well - known phenomenon that occurs in 
chemical reactions involving elements with stable isotopes , 



















mass unit), and 15N a much less common nitrogen isotope. 
Geochemists have studie d stable isotopes for many d ecades 
for a varie ty of geologica l purposes (Faure , 1998) 
Mariotti et al . (1981 , 1982) were the first 
researchers t o recognize the l ink between denitrification 
rates and isotopic enrichment . Using lab experiment s on 
amended soil samples f rom France , they proposed t he 
h ypothesi s that h igher rates of denitrification resulted in 
lowe r (less negative ) values of isotopic e nrichment and 
conversely , lower rea c tion rates l ead to higher (more 
negative ) values of enrichment. This conclusion has gone 
l argely unchallenged, and has been used by s e veral 
resea r ches to interpret their f i ndings (Mariot t i , 1988 , 
Smith , 1991 , Green , 1998 , Bates , 1998 , Mengis , 1999). 
Thi s t hesis i s intended to investigate t hat h ypothesis 
using data derived from tracer t ests conducted since 1997 
by the University o f North Dako ta , under the direction of 
Dr. Scott F . Korom. These t ests are in situ , involve no 
























Denitrification is the name given to a biogeochemical 
process whereby nitrous compounds containing nitrate (N03 - ) 
are broken down into nitrogen gas (N2 ) . As noted earlier , 
nitrates are a harmful pollutant , but N2 is a very stable 
gas and the main component of our atmosphere . 
Denitrification is an oxidation-reduction reaction . 
This is a reaction where the number of electrons in t he 
valence shells of some of the participating elements 
changes . Some elements lose electrons and are termed 
electron donors . These elements undergo oxidation when t hey 
lose an electron . Other elements gain electrons and are 
termed electron acceptors . These elements undergo reduction 
as their valence s hell gains an electron char ge . 
Any oxidation must be accompanied by reduction and vise 
versa (Faure , 1998) . 
Denitrification is primarily accomplished t hrough 
nitrogen-digesting bacteria , which use nitrates as electron 
acceptors when the preferred acceptor , oxygen , is not 
readily available. The conversion of nitrates to N2 covers 
several intermediate steps and may react to completion or 
stop at any intermediate depending on t he environmental 





















oxidation stat e of the nitrogen atom changes from +5 to 
zero : 
(Bates , 1998) 
The other necessary condition for deni trif ication is 
the availability of an electron donor f or the b acteria to 
use as an energy source (Feas t , 1998 ) . Commonly, th i s 
source is organic carbon originating from the decay of 
organic material , b u t inorganic materials such as pyri te , 
which contains fe rrous iron and sul f ide , may also 
con tribute (Sc h lag , 1999) . The sources of electron donors 
avai lable depend on the geological processes that formed 
t he aquifer and its environment. 
Therefore , in order fo r denitrification to occur , 
nitrous compounds , nitroge n digesting bacteria , suitable 
electron donors , and an anaerobic environment must be 
present (Korom , 1992) . 
I sotop ic Enrichment 
When a bacterium breaks the N-0 bond in N03 , it 
preferentially selects t he lighter 14N isotopes over t he 
heavier 15N isotopes because it requires sligh tly less 
energy t o break t he bond of the lighter isotope. This 
r esults in an elevated f r ac t ion of 15N to 14N in the 





















using mass spectrometry and is known as the fractionation 
factor (a) . The mass spectrometer measures the isotopic 
ratios of the sample and compares them to a standard based 
on n itrogen derived from the atmosphere . The fractionation 
factor is then reported in delta (o) notation as parts per 
thousand or permil (%0) . The o 15N value is calculated as 
follows : 
where 15N and 14N are concentrations i n permil (%0) and 103 is 
a constant used to report units of permil (Mariotti , 1 981) . 
When the change in isotopic concentration of a sample 
is compared to the natural log (ln) of the remaining 
nitrate frac tion , a value known as the enrichment factor , E, 
is found. The enrichment factor is calculated by way of the 
Raleigh equation as descr ibed by Mariotti et al. (1981) . 
The equation is as follows: 
103 X ln((l 0-3 X 8 15 N, + l) /(l 0-3 X 8 15 Nt=O + 1) 
E= ----------------------
ln(N1 I Nt=O) 
( 2) 
where E = e nr ichme nt factor in %0, 103 = constant required 
to give E uni t s of %0 , Nt = the concentration of N03- - N at 
time (t ), and o15Nt for the remaining N03- -N at time (t) . The 
more negative the number calculated, the greater the 























A reaction ra t e is general l y de f i ned as the rate at 
which t he mass or volume of some material A i s c h anging 
time. This can be expressed mathematically as 
dA 
- = r 
dt 
(3) 
where r is the react i on rate . 
Two t ypes of reactions comprise most naturally 
occurring processes : Zero- order reactions and first-order 
reaction s . Zero-order reactions are those in wh ich r can be 
defined as a constant (k) such that 
dA = k 
dt 
( 4) 
wh ere the units of the rate constant are simply mass/time. 
This means that the reaction proceeds at the same rate 
regardless of the reactant concen tration (Vesil i nd and 
Morgan , 2003) . 
First-order reaction s are those in which c h a n ge in the 
amount of a material is proportional to the amoun t of 
material itself ; they are mathematically expressed as 
dA = kA 
dt 
( 5) 
where the units of the rate constant are in 1/t i me or time-1 • 
Therefore the rate o f this reaction is dependent on the 




























In o rder to solve for rate constants the above 
equat ions are simply integrated and rearrange d such t ha t 
C, -Co= -k 
I ( 4a) 
(Sa) 
where Ct is t he concentration of the materia l in question at 
time t and C0 is t he initial concentration . When t he 
reaction involves a tracer , t he terms Ct and C
0 
are replaced 
with the r e lative concentrations of the reactant and the 
tracer, respective l y. 
The rate constants in (4a) and (Sa) may a l so be found 
graphically by plotting the change in concentration vs. 
time for a zero- orde r reaction , or the ln of t he change in 
concentration vs . time for first - order reactions. The 






















PREVIOUS WORK ON DENITRIFICATION 
As noted earlier, the first researchers to investigate 
the nature of denitrification using 15N tracers were Andre 
Mariotti , and his colleagues. In two papers published in 
1981 and 1982, he and his fellow scientists modeled the 
process of denitrif i cation as a single step, unidirectional 
process . This important assumption allows for the 
application o f a well-known model of kinetic isotope theory , 
namely Raleigh distillation , as discussed previously , to be 
applied to denitrification. 
Evaluation of this process by Mariotti , et a l . in 1982 
revealed t hat although denitrification in t he subsurface 
was actually much more complicated then the assumed s i ngle 
step reaction , calculations based on these assumptions did 
not vary s i gn i f icantly from experimental results . 
Fu r thermore , denitrification was found in his experiments 
t o most closely resemble a first-order react i on. 
In their second publication (Mariotti et al ., 1982) , 
the resea rchers examined denitr i fication i n various 
experimental conditions . The controlling factors were found 
to be elect ron donor availabili ty and temperature , both of 
which affected the rate of the reaction . Values of 
enrichment ranged from -11%0 to -33%0 . When enrichment was 






















was found . Thus chey formed the hypothesis that lower (less 
negative) enrichment values are obtained for highe~ 
denitrification rates , and that higher rat es of 
denitrification result in lower (more negative) values of 
e nrichment (Mariotti et al . , 1982) . This hypothesis has 
been assumed to be correct and implemented by subsequent 
researchers i n both soils and aquifer sediments . 
With the general theory of the denitrification process 
in place , Mariotti et al. (1 988 ) , proved its usefulness 
with an investigation of nitrate concentrations in a French 
chalk aquifer. Following the lead of other scientists who 
had noted decreases in nitrate levels with depth or 
displacement in aquifers , they showed how isotopic 
fractionation could be used to identify the cause of this 
decrease . The principal causes o f these decreases were 
identified as dilution , absorption by vegetation , or 
denitrification .. Dilution is a physical process that does 
not alter isotopic variations , only changing their absolute 
abundances through mixing. In other words , di l u tion occurs 
without isotopic enrichment. When root systems absorb 
nitrates the N-0 bonds are broken and fractionat ion can 
occur . However, this is a very rapid process , occurring 
over a very short time frame , so enrichment that results is 





















whenever isotopic fractionation is observed to occur in 
conjunction with reduction of nitrous ion species , it 
assumed to be attributed to denit~ification. This process 
was found occurring in the chalk aquifer , verifying the 
results of their earlier research . 
Enrichment values calculated from the chalk aquifer 
were very small , ranging from -4.7o/oo to -So/oo . These values 
were assumed to be the combination of two processes . First , 
the rate of denitrification was assumed to be fairly high . 
Second, it was shown that the high porosity and low 
permeability of the chalk could result in the formation of 
dead end pores where water could stagnate and allow 
denitrification to run to completion. This would decrease 
the overall enrichment as these waters diffused back into 
the main flow channels (Mariotti et al. , 1988 ). 
An investigation by Smith, et al. in 1991 used the 
methods established by Mariotti and his colleagues to show 
that denitrification was occurring in polluted sand 
aquifers near Cape Cod, MA. Isotopic fractionation was 
found to vary with depth creating a zone of deni trification, 
which existed within the first 10 meters below the water 
table . This zone coincided with the occurrence of the 
contaminant plume. Larger values of enrichment were found 





















a l . (1 988) and others . Th i s l ed t o the c o nclusion that the 
r a t e of denitrification in the Cape Cod aquifer must be 
proceeding at a slower rate then the rate of the French 
aquifer. The authors also confirmed the assumption that 
denitrification could be mode led as a s i ngle step process 
due to the excellent agreemen t of theoretical and observed 
data (Smith et al. , 1991 ). 
Green et al . (1998) revealed another important use of 
nitrogen isotopes in a study o f t he groundwater system 
beneath the Island of Jersey near the United Kingdom . This 
aquifer system was widely polluted by nitrate contaminat ion . 
Through close observation , other sci entists d i scovered t hat 
different sources of nitrates had unique isotope ratios. 
Thus , by examining isotope ratios it was possible to trace , 
or identify, the source of the nitrate species. The most 
common sources of contaminat i on and i sotopic ratios are 
reported as : nitrified soil organic nitrogen (+4%o to +9%o) , 
nitrogenous fertilizers (-4%0 to + 4%o), and animal and 
sewage wastes (>+10%0) (Green et al. , 1998) . Using these 
facts the authors concluded that the widespreaa pollution 
was due to infiltration o f nitrates from agricultural 
activity . 
Isotopic analysis of wells across t he is l and reveal ed 





















pollution, but only in deep groundwater. A very low 
enrichment factor of -3%o was found and attributed to a 
combinat ion of rapid denitrification by the method proposed 
by Mariotti et al. (1982 ) and mixing with shal low 
groundwaters . I t was noted that the regiona l hydrology 
complicated isotopic analysis. Nevertheless , 
denitrification was determi ned to b e i nsufficient to deal 
with the i s land ' s n i trate pollution (Green et a l ., 1 998) . 
A study by Feast et al . (1998) i s more notable for an 
excellen t summation of t h e denitrification model then f o r 
its actual scientific conclusions in regards to 
denitrificat i on rates . The purpose of t h e study was to 
determine the fate o f ni trate contami na tion in an aquifer 
system near Norfo l k , England . The chalk bedrock, which 
contains t h e main aquifer for the region showed no signs of 
significant i n situ den itrification . However , 
denitr i fication was found to occur in the layer of glaci al 
till above the chalk bedrock, with an enrichment f a ctor of 
-7%0. Interestingly , the nitrates in the areas where 
denitrification was occurring were isotopically very 
differe nt then t h ose pollu ting the aquifer system , and thus 
though t to be re l ated to nitrates introduced into the soil 





















Grischek et al. (19 98 ) s ~udied denit r i f ica tion along 
the Elbe River in Germany. Using the isotopic methods and 
the precedent of a single s~ep reaction , as established by 
previous r esearchers , denitrification was determined to 
occur in the groundwater feedi ng t he river . An e nrichment 
factor of -14%0 was found and later c o n f irmed through 
laboratory simulations of the groundwater environment . 
Denitrification was found to proceed at a r ate sufficient 
to impact n itrate infiltration to the river , bu t analysis 
s h owed that the availability of solid organic carbon was 
like l y the limiting factor as it was the main electron 
don o r (Grischek et al. , 1998). 
Mengis et al ., (1999 ) s tudied groundwater i nteractions 
within a riparian zone to determine the effects of 
denitrification . The recharge zone was below an actively 
cultivated field and shallow groundwater in this area 
showed isotopic r a tios which reflected this . Deep 
groundwater i n this area cont ained significantly less 
nitrate , along with available electron donors , such as 
carbon o r sulfur compounds , leading to the hypothes is that 
denitrification was occurring in this zone. Tracer tes ts 
were conducted and it was found that enrichment associa t ed 
with denitrification was occurring in both nitrogen and 





















1 . 5 times more enriched then the oxygen isotopes. 
Enrichment values remained within ranges reported in other 
studies (Mar iotti et al ., 1982 , Smith et al ., 1991 , Green 
et al. , 1998) . However , it was also observed that 
denitrification rates reduced with depth , most likely due 
to the elimination of electron donors . The util ity of using 
both nitrogen and oxygen isotopes to prove the existence of 






















Data used for this study came from the emplacement of 
several large in situ mesocosms ( I SMs) in groundwater 
systems across eastern North Dakota and western Minnesota 
(see Figure. 1). These ISMs are essentially large hollow 
pipes (16 in diameter , 5 ft long) that are emplaced below 
the water table. They allow for precise and direct 
observation of groundwater geochemistry for an extended 
length o f time (over 2 years in some cases) . Precise 
protocols were deve loped for sampling on about a monthly 
basis and samples were analyzed by the Nor t h Dakota 
Department of Health and the University of North Dakota 
Water Quality Lab. For more deta~led discussion on the 
development of the ISMs see Schlag (1999) . 
Among the dat a collected were concentrations of N03-
and Br- , as well as 15N/ 1 4N isotopic ratios . The N03 - was , of 
course , the anion of interest , whereas Br- was used as a 
groundwater tracer to dete rmine the effects of dilution on 
t he sample . Any reduction in the amount of N03 - that could 
not be accounted for by dilution of the Br- tracer could be 
attributed to denitrification . As further evidence , sites 
that showed significant decrease in nitrate were 
accompanied by enrichment of the 15N isotope . As 
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Figure 1. Locations ofJSM research sites 
sufficient evidence to confirm denitrification . 
To calculate isotopic enrichment values for each site , 
the numerator of equation (2) was calculated using t he 
15N/ 14N r atios observed duri ng the duration of the tests . In 
most c a ses , due to the expense of isotopic ana lysis , only 
fou r or five samples were analyzed for isotopi c composition 
per sit e , per experiment . En richment values were the n 
calculated by plotting the numerator of equation (2) vs . 
the log of concentration cha nge . The slope of this line was 
the e nrichment factor of a particular tracer experiment . 
En richment ranged from a low of - So/oo at the Luverne site to 





















regressions from which enrichments were determined were 
g reater then 0.92 for each experiment . 
Next , rate constants for each experiment were 
calculated. Mariotti et a l . (1982) described 
denitrification as a first - order rate reaction . To test 
this , each site was modeled as a first - order reaction and a 
zero-order reaction to determine which better fit the data . 
To accomplish this , N03- data we r e first corrected fo r 
di l u tion us i ng t he Br- data , and t h e remaining N03- was 
attributed to denitrification . Then , the natural log was 
taken of the actual N03- concentration divided by the N03-
concentration corrected for dilution. This was done to 
corr ect fo r the combined rate cons t ants o f dilution and 
denitrification . 
From this , reaction rates were calcu lated . This is 
simply the process of determining reaction rate constants 
graphically . Thi? was done for both zero- o r der and first -
order reactions as was described previously in the 
Technical Background section of the paper . Whichever method 
yielded a better statistica l fit for the data was the 
reaction mode l that was most appropriate. Data and figures 





1• Luverne Research WRRL WRRL 
N03-N Br 15N/14N 
I mg/L mg/L per mil 
Ln of N03- Numerator of 
at/mole wt 14.00674 79.905 NO Equation 2 
I Date 817/2001 ND 
09/04/2001 69.2 39.2 -1 .91 4.24 0.00 
I 10/17/2001 69.2 41 .85 11/15/2001 64.6 41 .0 
12/17/2001 63.6 40.6 
I 
1/11/2002 51.4 36.4 -0.2 3.94 1.71 
2/19/2002 52.65 37.85 
4/23/2002 47.9 35.6 
I 
7/8/2002 41 .9 32.2 
9/16/2002 38.6 30.1 1.02 average of 3.65 2.93 
11/12/2002 37.2 30.3 1.09 & 0.95 
1/8/2003 37.1 30.6 
I 3/25/2003 31 .9 26.7 2.18 average of 3.46 4.09 2.16 & 2.20 
I N03-N Corr N03-N Oenitrification 
Br N03-N for Dillution Denitrified Rate 
I 
Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/Uday) Ln (Act/Corr) 
09/04/2001 0 39.20 69.20 69.200 0.000 0.000 
10/17/2001 43 41.85 69.20 73.878 4.678 0.109 -0.065 
11/15/2001 72 41.00 64.60 72.378 7.778 0.108 -0.114 
I 12/17/2001 104 40.60 63.60 71 .671 8.071 0.078 -0.119 1/11/2002 129 36.35 51.40 64.169 12.769 0.099 -0.222 
2/19/2002 168 37.85 52.65 66.817 14.167 0.084 -0.238 
I 4/23/2002 231 35.60 47.90 62.845 14.945 0.065 -0.272 7/8/2002 307 32.20 41 .90 56.843 14.943 0.049 -0.305 
9/16/2002 377 30.10 38.60 53.136 14.536 0.039 -0.320 
I 11/12/2002 434 30.30 37.20 53.489 16.289 0.038 -0.363 1/8/2003 491 30.60 37.10 54.018 16.918 0.034 -0.376 
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Figure 5. Plot of first-order reaction model for the Luverne site showing a better linear regression then the zero-order model. The slope of 

















Once all the enrichment factors and rate constants 
were calculated for each site , they were plotted against 
one another to determine if a correlation did indeed exist 
between isotopic enrichmen t and reaction rates . The 
enrichment data were compared both to the first-order a nd 
zero- order reaction constants . An attempt was made to plot 
additional data from the l i terature , bu t was me t with 






















Plotting all the enrichment data vs . reaction rate 
constants showed the best correlaLion occurring between 
enrichment and first-order rate constants , as predicted by 
Mariotti et a l . (1982 ). However , the correlation which 
resulted was a positive one where the greatest enrichment 
resulted from the greatest reaction rates . An R2 value of 
0 . 74 is not ideal , buL indicates that 74 % of the variation 
in the data are explained by the linear regression. 
Although the data can b e subdivided, in both the cases of 
zero- order and f irst-order rate constants , the most 
meaningful interpretation comes from correlation of all the 
data under a single reaction r ate order . 
Enrichment vs. First Order K 
Of the nine tests that showed denitrification , five 
grouped together along a relative l y straight line while 
four others were more scattered (see Figure 6) . These five 
sites exhibited enrichment factors ranging from - 5%o to 
-15o/oo and rate constants ranging from 0.00047 day-1 to 
0 . 0011 day-1 • Th e R2 values of the linear regressions for 
the reaction constants were >0 . 81 for all five sites and 
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agreement with the calculate d e nrichment values . Thus t h e s e 
values seem re l iable and usefu l . 
The four points showing t he mos t scatter belong to the 
four Larimore tracer tests , repeated a t t he same site 
between 1997 and 2002 . Although all four show very good 
agreement with regards to enrichment , only tests 2 and 4 
have reasonably strong agreement with first-order reaction 
rates . Furthermore , only test 2 has a highe r R2 value for a 
first-order rate constant then for a zero-order rate 
constant. 
When only data whose R2 for first-order rate constant 
exceeds their R2 for zero-order rate constants is considered, 
the agreement almost becomes 0.90 (see Figure 7) . Also , the 
slope of the line cha nges noticeably . Although this lends 
strong support for describing denitrificati on as a first-
order reaction , it ignores the Larimore tests that indi cate 
a zero-order reaction is occurring . 
Enrichment vs . Zero-Order K 
Tryi ng to describe the data in terms of zero- order 
reactions , however , does not work as well as for the first -
order data. Plotting all the data vs . zero-order rate 
constants resulted in a similar pattern of 5 reasonably 
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grouped points and four other more anomalous points. Again 
the highest rates of denitrification correlated wi th the 
highes t enrichment values . In this case , however , the R2 of 
the zero-order correlation ~sonly 0 . 70 . Also only three 
tests showed reaction rates that favored zero-order over 
fi r st order , those being Larimore tests 1 , 3 , and 4 . An 
attempt to correlate those three t es t s resulted in a very 
poor R2 value of 0 . 35 . 
The Lar i more Site 
As mentioned earlier all four tracer tests performed 
at Larimore were conducted under virtually the same 
conditions. The amount of variabi l ity found in these 
samples is therefore surprising . The on l y other comparable 
tests were conduct ed at the Perham sites where two separate 
tests were carried out in ISMs separated by several miles . 
However , the results of t he two tests came up very similar . 
Denitrification at the Larimore site is very high 
compared to the other study locations. The rates measured 
were as much as five times greater then other reaction 
rates observed . As a result N03- concentrations fell rapidly 
and reached very low levels by the end of each experiment , 
levels much lower then those observed at other sites . For 





















correlates better as a zero- o rder reaction . Unfortunately , 
this reduces the ability to c orrelate denitrification 
reaction rates , as the r est of the sites appear to be 
fi r st- order r eactions. 
Data from the Literature 
An attempt was made to find data in the literature to 
fur t her support the model developed here . Unfortunately, 
the author was unable to f i nd in situ denitrification rates 
in associ ation with enrichment values . As noted earlier , 
enrichment values are re l at i ve l y common in the literature 
for in situ conditions but relative reaction rates (fast o r 
slow) are generally inferred from these values (Mariotti , 
1988 , Smith, 1991 , Feast , 1 998). Thu s , the findi ngs here 
that higher denitrificat i o n rates result in higher 
enrichment factors is very unusual . However , due to t he 
relatively small amount of data currently available only 






















When applied t o the sites considered in this study , 
the hypothesis , purposed by Mariotti et al . (1981 , 1982 ), 
that den i trification reaction rates can be correlated with 
enrichment values , was found to be generally correct . 
However , a positive correlation was observed in this study, 
contrary to the negative correlation observed by Mariotti 
et al . (19 82) . A corre lation coefficient of 0 . 74 with the 
first-order reaction rate model suggests t hat under a 
major ity of condi t ions , denitrification behaves as a first -
order reaction . Ho wever , t he regional model as described 
herein requires further development , in particular with 
regards to the Larimore site. Such investigations could 
incl ude analysis of the bacteria responsible for 
denitri f ication , as well as detailed analysis of the 
effects of temperature on the process . On a broader scope , 
more studies of this nature are needed to more firmly 
establish the correlation between 15N isotopic enrichment 
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